These vertically aligned Ta 2 O 5 nanorods were deposited on Si (100) substrates by thermal deposition in a vacuum of the order of 10 À2 Torr at about 600 C. When excited by 514 nm Ar þ laser, they showed a strong photoluminescence at $622 nm, which was attributed to the oxygen vacancies. In addition, their dielectric constant is $20 in the frequency range from 1 kHz to 10 MHz, far larger than that of SiO 2 and Si 3 N 4 . Due to this cone-shaped morphology, the Ta 2 O 5 nanorods exhibited a threshold field of $8:5 V/mm in field emission and a field enhancement factor of 764 that are sufficiently high for field emission application.
Introduction
Transition metal oxides are a large family of materials having outstanding properties and application in optical and electronic devices. Among the transition metal oxides, tantalum oxide has attracted considerable attention in recent years due to excellent electric properties. In fact, Ta 2 O 5 film is the most promising candidate for conventional dielectric materials for a high electric constant ($20) and low leakage current, 1, 2) comparing to the dielectric constant of 3.9 for SiO 2 and 7.5 for Si 3 N 4 . Besides, Ta 2 O 5 films have also been widely applied in catalyst, 3) gas sensors, 4) coating, 5) and piezoelectic materials. 6) However, few studies on the photoluminescence and field emission properties of nanoscale Ta 2 O 5 films have been reported in literatures. Thus it is of importance to study the optical and electric properties of Ta 2 O 5 nanostructures, as well as their synthesis technique.
Currently there are various techniques to fabricate Ta 2 O 5 thin films, such as magnetron sputtering, 7) pulsed laser deposition, 8) metal organic chemical vapor deposition, 9) solgel deposition 10) and thermal oxidation, 11) etc. Within these methods, thermal oxidation is a simple and low cost method to synthesize Ta 2 O 5 thin films. Their thickness and surface morphology can be controlled easily by adjusting the pressure and the current through the spiral tantalum coil.
In the letter, Ta 2 O 5 nanorods were synthesized on silicon substrates by means of thermal oxidation. The as-deposited Ta 2 O 5 thin films were consisted of vertically aligned Ta 2 O 5 nanorods, with several microns in length and cone-shaped tips. The particular morphology was helpful to enhanced field emission. In addition, other electric and optical properties of Ta 2 O 5 nanorods have also been studied.
Experimental Procedure
The Si (100) plane was divided into several small quadrate plane with 8 mm in width and 15 mm in length by diamond cutting. The quadrate Si(100) substrate was first cleaned supersonically in acetone, alcohol and deionized water subsequently and then was fixed in the middle position of spiral tantalum coil made from a tantalum wire ($30 cm in length and $0:5 mm in diameter). The diameter of spiral tantalum coil was about 15 mm and connected to two copper electrodes in a vacuum chamber. During the experiment, the chamber was first pumped down to 6 Â 10 À2 Torr, and then a current of $30 A passing through the spiral coil heated the tantalum thread. The temperature of the silicon substrate was measured to be about 873 K by a thermocouple, within a deposition time of 15 min. After deposition, the growth morphology, electric and optical properties of the asdeposited tantalum oxide thin films were examined by scanning and transmission electron microscopes (SEM, TEM), X-ray diffraction (XRD), Raman spectrometer, photoluminescence spectrometer, respectively.
Results and Discussion

Morphology and phase of Ta 2 O 5 nanorods
By passing a current of 30 A through the tantalum thread in a vacuum of about 6 Â 10 À2 Torr for 15 min, a thin tantalum oxide thin film was deposited on the (100) silicon substrate. Figure 1 (a) and 1(b) show the XRD pattern and Raman spectrum of the as-deposited film, respectively. The XRD pattern was taken with a Rigaku X-ray diffractometer using the Cu K radiation, which reveals that the films are highly crystalline and are in concordance with the orthorhombic Ta 2 O 5 phase.
12) The Raman spectrum of the asgrown film was measured with a Reinshaw Micro-Raman Spectrometer using a 514 nm Ar þ laser as the excitation source, which shows strong peaks at 98, 244, 616, 704 and 850 cm À1 in the range of 50-1200 cm À1 . The positions of the Raman peaks are also in good agreement with that reported Ta 2 O 5 with orthorhombic structure. 13) According to these results of XRD and RAMAN analysis, the as-grown tantalum oxide film is crystalline Ta 2 O 5 .
The surface morphology and microstructure of the Ta rod has a nanometer-scale sharp tip. These Ta 2 O 5 nanorods are straight, with $3 mm in length. Figure 2(c) show the high-resolution TEM images of the Ta 2 O 5 nonarods and inset of (c) is a selected area diffraction (SAD) pattern of the Ta 2 O 5 nanorod. As shown in Fig. 2(c) , the aligned-grown nanorods are crystalline and the space of parallel fringes is 0.543 nm, corresponding to (1 4 0) plane of Ta 2 O 5 .
Photoluminescence of Ta 2 O 5 nanorods
The room-temperature photoluminescence (PL) spectra of the as-grown film was taken with a Reinshaw Raman spectrometer using 514 Ar þ laser, as shown in Fig. 3(a) . The PL spectra of the film consisted of two peaks centered at $594 and $674 nm, respectively. In our previous work, 14) the PL spectra of amorphous Ta 2 O 5 films consist of two peaks centered at $625 and $705 nm. After annealing at 650 C, the PL peaks of the crystalline Ta 2 O 5 shift along the short-wave direction, which was proved in the crystal Ta 2 O 5 nanorods. Figure 3(b) shows PL intensity of the film, as a function of the excitation laser power. It can be seen that the PL intensity increased nonlinearly with the excitation laser power and got saturated. As the increase of laser power, peak intensity trend to nonlinear change and become saturated, which indicate that defects result in the excellent photoluminescence. Since the optical band gap of Ta 2 O 5 is about 4.5 eV, 15) according to an observable intrinsic PL peak around 276.6 nm. Meanwhile, the two emissions centered at $594 and $674 nm are corresponding to the energy of 2.091 and 1.843 eV, respectively. Obviously, the PL observed cann't attribute to the intrinsic emission at 276.6 nm, but it might result from some defects like oxygen vacancy which could lead visible light emissions, because a large number of similar reports are found in other metal oxides. [15] [16] [17] In view of the fact that there are almost no data available for the photoluminescence of Ta 2 O 5 , further studies are highly demanded making clear the origins of the photoluminescence of Ta 2 O 5 nanostructures.
Dielectric constant of Ta 2 O 5 nanorods
Considering the striking electrical properties of tantalum oxide, the dielectric measurements on pure Ta 2 O 5 thin films were performed using a HP4194A impedance analyzer at room temperature. Figure 4 shows the dielectric constant of Ta 2 O 5 thin film as a function of the frequency in the range of 1 to 100 kHz. It was found that the dielectric constant of the Ta 2 O 5 thin film was as high as 20, which surpassed those observed in SiO 2 and Si 3 N 4 films. In addition, the reliability of high dielectric constant in Ta 2 O 5 films is important for advanced MOS device applications. According to Fig. 4 , the Ta 2 O 5 film exhibited negligible dependence on frequency and the dielectric constant remains almost constant in the measured frequency range, which potentially makes Ta 2 O 5 films attractive for technological applications into metaloxide semiconductor (MOS) devices.
18)
Field-emission property of Ta 2 O 5 nanorods
It is generally accepted that the following two factors in the nano-structures can be conductive to electron emission performance: (1) a small radius of curvature at the tip and (2) aligned growth that leads to an efficient increase of the active emitters per unit area. 19) As expected from the aligned rod-shaped structures, good field emission properties of the Ta 2 O 5 film were measured in a chamber under a vacuum of 6 Â 10 À7 Pa at room temperature and the emission current was measured with a Keithley 485 electrometer. Samples with an area of 0.4 cm 2 were attached to a stainless-steel support with silver paste serving as the cathode. A parallel copper plate was placed at a separation of 250 mm from the cathode, which served as the anode. That is the spacing between cathode and anode, d is 250 mm. Figure 5 shows typical plot of the field emission current versus the electric field in the Ta 2 O 5 nanorods. Here, the field emission turn-on field and the threshold field were defined as the electric fields required for giving a current of 10 mA/cm 2 and 10 mA/cm 2 . It was found that the Ta 2 O 5 film had a turn-on field of 8.5 V/mm, which is similar to the NiO nanorods, 16) MoO 3 nanobelts, 20) MoO 2 nanowires 21) and ZnO nanowires. 22) The emission characteristics were analyzed using Fowler-Nordheim (FN) theory: Fig. 3 (a) The PL spectrum and (b) The PL intensity of the as-deposited Ta 2 O 5 nanorods, as a function of laser power. where J is the current density, E is the field applied (E ¼ V=d), È is the work function of the materials, and is the field-enhancing factor and B ¼ 6:83 Â 10 9 (eV À3=2 m À1 ). 15, 19) By plotting lnðJ=E 2 Þ versus 1=E, a straight line was obtained, shown in inset of Fig. 5 . The linearity of the curve implies that the field emission follows FN theory. In order to compute the field enhancement factor of Ta 2 O 5 simply, by using the work function of bulk Ta (4.1 eV), the field enhancement factor is estimated to be about 764, which is sufficient for the field emission applications.
Conclusion
In summary, we have synthesized the vertically aligned Ta 2 O 5 nanorods on Si(100) substrate using a simple thermal deposition approach. The crystalline Ta 
